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A series of heating tests was conducted on sk&r conical models t o  
provide technical data fo r  evaluation of the performance of relatively sharp 
nose tips during entry at  hypersonic speeds. 
Contract Wl-3915 w i t h  W A  Lengley Research Center. 
The work was performed under 
H i g h  Mach number (14 t o  17 ) tests were c o q t e d  i n  hyperveloc t y  wind 
tunnel at Reynold's numbers per foot of 0.1 x 10 , 1 x 10 and 3 x 10 . Hygh 
heating mte tests were conducted on ATJ graphite models i n  the I3'V p l a 5  
f a c i l i t y  at a Mach lArmber of 3.0. 
8 i 
The data were shwn t o  compare w e l l  w i t h  existing theories If the effects 
of viscous interaction and slip flow were considered. The data were also 
canpered t o  the previaus results of Medford and Holt, who deduced heatiog 
rates f r o m  m ~ s s  loss data, and the results were found t o  be compatible. 
Based upon the results of these tests, a theory was postulated which 
predicts that a pointed t i p  will remin pointed so long as the distance fram 
the tip t o  the point where continuum effects  begin is much greater than the 
nose radius. 
Predictions of the performance of an 0.001 inch nose radius graphite t i p  
w e r e  msde which indicated that a sharp configuration wuuld exist down t o  an 
al t i tude of approxippately 40,OOO feet, a t  which time blunting would begin. 
This contract was administered by the Iangley R e s e a r c h  Center under the 
technical direction of Mr. C. B. Rurnsey of the A p p l i e d  Materials and physics 
Division. 
RkeLO( 
1.0 INTROIXICTION 
The study reported here was conducted f o r  the NASA Langley Research 
Center under the Dallas Support portion of Contract W1-3915 t o  provide 
technical data for evaluation of the performance of sharp nose t i p s  currently 
under investigation i n  conjunction with a re-entry flight experiment a t  a 
velocity of approximately 20,000 fps. 
One requirement t o  a t t a i n  the flight experiment objectives is that the 
high entropy l a y e r  about the body be thin. Since this en t row layer thickness 
is proportional t o  the nose radius, it is e s sen t i a l  that the nose t i p  main- 
t a i n  a relat ively pointed configuration during re-entry. One of the materials 
being considered for the nose t i p  of the re-entry vehicle is graphite. 
Revlaus studies (Reference 1) presented mas6 loss rates and shape 
charges f o r  graphite t i p s  which w e r e  obtained at a low Mach number. 
oxidation theory predicts tha t  the mass loss and accompanying shape changes of 
the graphite t i p  be proportional t o  the heating rates, the  present study was 
conducted t o  obtain heat t ransfer  data f o r  Mach numbers compmable t o  those 
expected during atmospheric re-entry. 
the resu l t s  of Reference 1 as well as t o  suggest modifications t o  exis t ing 
heat transfer theories as applied t o  slender noses. 
used t o  predict  the performance of graphite nose t i p s  during atmospheric 
re -entry. 
Since 
This study was a l so  conducted t o  verify 
The resu l t s  may then be 
Heating distributions were obtained a t  high Mach numbers i n  the hyper- 
velocity wind tunnel and at high heating rates i n  the LTV plasma f a c i l i t y .  
Modifications result ing from rarefied flow and viscous interaction effects 
were applied t o  the theories of Fay and Riddell, Lees, and Van Driest and 
the resu l t s  were shown t o  agree w i t h  the  data. 
The sharp pointed graphite model remained sharp i n  the plasma tests, and 
a theory was postulated t o  explain th i s  phenomenon. This theory, which is 
based on a s l i p  flow analysis near the stagnation point, was then applied t o  
predict the performance of a sharp pointed graphite model during r e e n t r y .  
The hypothesis advanced here leads t o  the conclusion that a graphite t i p  w i t h  
a nose radius of 0.001 inches will, providing the t i p  material has suff ic ient  
strength t o  wi%hstand the aerodynamic loading, remain sharp down t o  an 
altitude of approximately 40,000 feet a t  which time blunting w i l l  begin. 
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Beat transfer tests were conducted in both the hypervelocity wind tunnel* 
and the L!CV plasma fac i l i ty .  
of Mach number and Reynolds number on the performsnce of various nose tips, 
The tests were desigaed t o  evaluate the effects  
Tests were conducted on "ATJ" grade graphite models i n  the I3!V Plasm 
Faci l i ty  using a 
of approximately l2,OOO W / l b  at a Mach number of 3.0. A complete discussion 
of this f ac i l i t y  i a  presented i n  Reference 2, 
.065 and .lo inches were tested, as were two sharp-nosed models w i t h  nose 
radius of approximately .001 inches, Heat transfer values were obtained using 
copper calorimeters as sham in Figure 1. The calorimeters were located a t  
the stagnation point of the 0.065 and 0.10 inch nose radius m o d e l s  and a t  a 
distances of 1.5 and 3.5 inches frm the v i r tua l  t i p  on all the models, 
calorimeters were approximately 0.05 inch diameter copper slugs t o  which were 
attached chrunel~lume1 thermocouples. The calorimeters were flush fitted 
into the graphite model and attached with insulating cement (Sauereisen) t o  
reduce conduction through the sides, The aft si& calorimeter was rotated 
90" Kith respect t o  the forward one t o  minimize interference effects. 
nitrogen and Z$ oxygen gas having a stagnation enthalpy 
Two models w i t h  nose radii of 
The 
The pLasme tests were conducted in the following manner. Calibration 
runs were made In which measurements of the heat transfer rate t o  a 3/4 inch 
dismeter flat-face calorimeter were related t o  a stagnation pressure which m a  
measured i n  the plasm stream, 
available fo r  the t e a t ,  the stagnation pressure probe was removed, an8 a t e s t  
model vas inserted i n  its place. 
Since only two retractable! stings were 
After the plasma j e t  again resched steady operation, the flat-face 
calorimeter was inserted into the stream and a value of the heat transfer rate 
t o  the calorimeter (&ax) was obtained. Frau t h i s  reading both the s t a m t i o n  
enthalpy and stagnation pressure were obtained. 
inserted in to  the pplrrsms stream for a-tely f i f t y  secords. All the 
heating rate data was obtaiaed during the first three seconds of the test. 
After appmxi~~te ly  three seconds the stagnation point calorimeters melted 
and at approjtimately twenty seconds nelting occurred at the side c a l o r h e t e r  
poeitione. 
calorimeters, the mass loss rates presented i n  the Data Stction for the blunted 
models indicate relative effects  only. 
The graaite model waa then 
Ihae t o  the effects  of erosion arouad the cavities produced by the 
Two sharpnosed graphite models were exposed t o  the plssma stream for 38 
secolrds t o  condition the surface of these xuodels for subsequent tests i n  the 
HVKT t o  evaluate the effects  of surface condition on the flow field. 
t o  these tes te ,  Schlieren studies yere mBde of the fluu around the unconditioned 
m o d e l s  i n  the M. These tests are described i n  more detail i n  the ElvKT test 
Prior 
prO@mk below. 
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FIGURE 1 PLASMA GRAPHITE MODEL DESIGN DETAILS 
I 
I -  
2.2 HyRERvEmm WIHD TmmL (HVKT) !cBs!Ps 
The effects of high Mach number on the entry performaace of slender 
cones were investigated. Beat transfer data we= obteined fur three instru- 
mented s p e c h m ~ ~  having nwe radii of .l5, .lo, .05 inches and fo r  a shsrp- 
weed specimen. The details of the heat transfer model are shown i n  Figurt  2. 
!he model consisted of a cumon bsse section w i t h  interchangeable nose 
sections (noses A, B, C, and D). Hose  A had a solid copper calorimeter at  the 
t i p  0.358 inches i n  Length. 
a depth of approximetely 0.10 inches and a thermcouple imbedded i n  the hole 
such that the bead was approxinmtely 0.25 inches aft of the forward tip. 
Nose B (0.05 inch d i u )  had a 0,026 inch displeter copper slug calorimeter 
a t  the stagnation point while lOosee C and D (0.10 and 0.15 inch radii, re- 
spec t ivev)  had s-tion point a d  tmqpnt  point calorimeters.  he stag- 
nation point calorjmeters were 0.035 and 0,051 inches i n  diameter respectively, 
w h i l e  the tangent point calorimeters had 8 diameter of 0,024 inches. 
slug calorirPeters were thernmlly isolated fram the renrriader of the copper 
nose sections by means of boron nitride sueves aa shown i n  Figure 2. 
w i t h  a th in  (0.0045 inch typical) copper skin. Constantan Wirts were attached 
t o  the underside of the copper skin at the stationa indicated in Figure 2 
and fed aut through a cutcolt i n  the nylon as shown i n  Section A-A of Figure 2. 
By t h i s  technique, the skin of the model is included i n  the thermo-electric 
c i rcu i t  so that only one thermocouple wire is required for  each heat sensing 
station. 
The base of the t i p  calorimeter was drilled t o  
The 
8 
I 
I 
The camon base section was constructed of nylon which was then covered 
A photograph sharing the sizes of the nose sections is presented as 
Figure 3. 
interchangeable nose sectione and associated hardmre. 
Figure 4 shows the canplete heat transfer model with the various 
Schlieren photographs were made of the flm field around a sharp-nosed 
graphite mdel both before and after the model hss been exposed t o  the t o t a l  
heat load anticipeted for a typical entry trajectory dwn t o  an altitude of 
approximately 60,OOO feet. These results a m  also presented i n  Section 3.0. 
A canplete description of' the t e s t  f a c i l i t y  and of its operating char- 
8 
acteristics is m s e n t e d  i n  Reference 3. 
Bating rate data were obtainedat the stagaetion point and a t  various 
points along the conical section (see Figure 2 far locations) of each model 
at three different R e p -  numbers for  each test model. 
heat transfer data result ing frm these tests are presented i n  Section 3.0. 
Shown in Figure 5 is a photograg& of a typical model installed i n  the HVWT. 
1 . T e s t  conditions and 
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3 .O DATA ANALYSIS 
I 12 
The data obtained i n  the plasma f a c i l i t y  and i n  the hypervelocity wind 
tunnel are presented and compared t o  ex is t ing  theories.  
equations, together w i t h  various addi t ional  considerations, are discussed 
first, followed by the presentation of the data and by a canpr i son  of the 
data with theory. 
The theore t ica l  
3.1 THEClRETICAL EVAWATION OF HEATING RATES 
The theoret ical  analysis of the &.%a was based on the r e su l t s  of Fay 
and Riddell, Lees and Van Driest, 
may be found in references 4, 5 and 6. 
A complete discussion of these expressions 
The real gas heating rates a t  the stagnation point of the spherically 
blunted cone8 was cmputed by 
%-.= 3'zi.9 ce-~~Jzs34"ce,)'~~4~ (A5- 1.J 7 (1) 
where the va lues  and uni t s  are as defined i n  the  list of symbols. 
The heating dis t r ibut ion over the conical section of the spherically 
blunted models i n  both the plasma and HVWT tests were predicted on the basis  
of a Lees' dis t r ibut ion given by 
- 
where 
I -  
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The predicted values of the heating t o  the sides of the sharp-nosed 
models were based upon the Van Driest method as  applied t o  the flat plate 
which was adjusted by the Mangler transformtion t o  obtain the rates about 
the cone. The modified expression is 
3.2 PLASMA JET DATA 
As discussed i n  Section 2.0, heating rate measurements were lDBde on 
sharp and slightly blunted graphite models i n  the I 3 V  Plasm Facility. Ihe 
flow conditions and resultant experimental data are presented in Table I. 
As lray be observed from this table, the heat transfer values obtained a t  the 
forvard side calorimeter are only slightly different for models having a 
sharp nose and those having a noae radius of 0.065 inches. This is as ex- 
pected because this  position is  a considerable distance aft of the nose, and 
one would  expect the effects of nose radium t o  decrease as the distance sway 
from the nose increases. 
values obtained frcm the aft side cabrimeter where all the values are 
easentia3ly constant w i t h  the exception of the Model 1A value, which appeers 
t o  be a bad data point. 
should be considered as approximate for the spherically blunted model8 
because significant erosion occurred around the stagnation region as a result 
of the hole left by the calorimeter when it melted, The' details of' the nose 
region both before and after exposure t o  the plasma Stream a m  presented i n  
Figures 6 through 15. Figures 6 through 9 show the sharp pointed models 
which maintained a pointed conf'iguraticm during the tests. 
of the models before tests wa8 conkal,  and the peculiar shape sham i n  the 
photographs being due t o  diffraction of the light arm the point. 
irregularities associated w i t h  the nose region a€' the spherically blunted 
models after exposure may be attributed t o  the previously mentioned erosion 
effects  . 
This observation is further substantiated by the 
It should be lpinted out that the mass loss data 
The actual shape 
The 
4 
N' 
W 
4 
0 
9 
9 
4 
m 
N 
N 
0 
0 m 
0 m 
W 
Q' 
0 
m 
0- 
0 
d 
0 
m 
N 
W 
Q' 
4 
4 
N 
0 
Q 
u e 
0 
Y 
W 
m 
4 
Q' 
N 
d 
m 
W 
m 
N 
m 
4 
m 
0 
0 
0 
4 
4 
4 
N 
4 
0 
Ir, 
m 
N 
r- 
Q' 
4 
4 
IT 
9 
9 
m 
0 
N 
W 
N' 
m 
m 
I 
I 
0 
4 
m 
0 
m 
Q' 
Q' 
0 
m 
0 
m 
0 
Q 
0 
m 
N 
4 
0 
N 
4 
2 
Q 
W 
4 
4 
CQ 
9 
m 
I 
I 
d 
N 
0 
m 
m 
0 
d 
0 
4 
0 
9 
m 
0 
4 
4 
m 
N 
9 
Q' 
4 
4 
m 
ai 
r- 
In 
W 
I- 
4 
r- 
d 
d 
d 
m z 
* 
m 
4 
d 
l 
a 
I 
I 
I 
I 
I 
I 
I 
1 
d 
0 
m 
N 
0 
0 
N 
4 
4 
i 
0 
9 
Q' 
0 
N 
d 
m 
9 
d 
m 
0 
N 
4 
0 m 
Q' 
3 
0- 
0 
m 
Q' 
0 
0 
W 
0 
m 
N 
W 
Q' 
4 
4 
W 
m 
r- 
m 
U 
aJ 
m 
N 
m 
4 
4 
k 
u 
Y w
d 
0 
x 
u 
d 
4 
Y 
E 
5'! 
t 
.r( 
a a 
d 
m 
L. 
aJ 
84 
1 
4 .r(
rn w 
4 
k 
3 *
U 
1 
* 
m 
0 *
: 
.r( 
L. 
0 
d 
U 
4 
a u 
C 
d 
E 
M 
d 
.r( Y
Y 
m 
t 
B a 
0)  
U 
E 
.r( 
k 
u 
@ 
m 
u a 
4 
2 
I? 
4 
d .d 
C 
u 
9 
84 
0 u
.r( *
d 
U 
k e 
d 
.r( 
w 
m 
7 
B 
2 0; .+ 
m r 
.r( 
$4 
1 a 
E 
ld 
M 
.r( 
a 
M 
Id 
d a 
E 
0)  
Y 
B 
z a 
00 
D 
0 0 0 0 0 0  
0 0 0 0 0 0  m m 4 m 0 4  
m 
0 
B 
84 
al 
2 m * *  2 $ H o o  d 
c c o o - l -  
V I V I . . . .  
E 
E 
.r( 
U u a 
UI 
* 
a 
0) 
E 
f 
M 
2 
0 z 
* *  * *  * 
4 
w 
K 
0 
L 
x 
w 
w 
K 
0 
U 
w 
2 
m - 
w 
0 
L 
n 
W 
8 
I 
x 
W 
v) n 
z 
0 
U 
K 
W 
I- 
LL 
4 I 
T W 0 z n 
2 
0 
x 
n 
W 
w 
E 
2 
w 
m 
a 
n 
c 
J 
W 
0 
I 
QD 
w 
17 
0 
n. 
x 
W 
n 
I Z 0 U W 
v) 
0 
v) 
K 
W 
I- 1 
L a 
a 
7 
J 
W 
1 
W 
W 
K 
0 
P 
x 
2 
w 
w 
oi 
0 
L 
w 
m 
4 
N 
W 
oi 
0 
II 
x 
w 
2 
3 
I 
1 
v) 
0 
v) 
nc 
W 
20 I 
W 
n 
0 
L 
21 
W 
ac 
0 
P 
x 4 
2 
W 
v) 
n 
Z 
0 
V 
W 
W 
c 
-I 
W 
P 
0 
1 
P 
W 
23 
1 2 0 0, 
x 
W 
I v) n Z 0 
W 
W 
8 
I 
E 
3.2.1 sharp CON 
The heating rates t o  the side of the graphite m o d e l s  were comp8red t o  
the theory of Van Driest (Equation 3) and the results are shown i n  Figure 
16. An investigation was nrrde t o  evaluate the effects of viscous inter-  
action, based on the work of Probstein (Reference 7). The viscous in te r -  
action effects upon the heat transfer rate wa8 computed fran the following 
where the terms on the right represent the induced pressure and transverse- 
curvature effects respectively. 
parameter are sham as a dashed line i n  the figure. The deviations between 
the observed and predicted data are within the accurscy associSted with the 
determination of the plasm properties. Sane considerations of the stagnation 
point heating t o  the pointed m o d e l w i l l  be discussed in the foLLoKing section. 
The effects  of the viscous interaction 
3.2.2 Spherically Blunted Cone 
The theoretical  stagnation heating rates for  the spherically blunted 
m o d e l s  were cmputed on the basis of the work of Fay and R i d d e l l ,  (Equation 
1). The experimental data was compared t o  the theory and the results are 
presented i n  Figure 17. 
t o  the f l s t  face calorimeter values t o  accoullt fo r  variations i n  enthalpy 
levels of the plasma stream and t o  compare the values on a copmon basis. 
Also shown i n  the figure are predicted values based upon the measured flat 
face calorimeter heating values. 
t o  model values by means of the following relation. 
The values have been non-dimensionalized with respect 
The flat  face calorimeter values were scaled 
These values fall be- the measured data indicating that the model was 
experiencing s higher stag-uition enthalpy than was the calorimeter. 
the calorineter indicates an average value, and gradients are kr~own t o  ex is t  
i n  the plasma stream, the data appears quite reasonable. 
Since 
Also  sham i n  Figure 17, as %st #l, are heat transfer values which were 
deduced (by the method described i n  reference 1) from the mass loss data 
obtained by Medf’ord and Holt. A t  the cOmDOn poiots, reasonable agreement 
was obtained. 
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Heating values f o r  the present test were deduced fram the mass loss 
data a t  the  stagnation point of the pointed m o d e l s ,  and are presented in 
Figure 17 also, These values f a l l  well below those predicted by the Fay & 
Riddell expression, necessitating an investigation of the limits of applic- 
ab i l i t y  of the theory. The pressure distribution which is  embodied i n  the  
theory was assumed t o  f il when the nose radius became small compared t o  
the mean free path,;e & greater than approximEttely 0.01. For the plasma 
test, th i s  condition corresponds t o  a nose radius of appraxhmtely 0.03 inches. 
The heating distribution over the spherically blunted body was predicted 
on the basis of Lee's distribution (Equation 2) ,  and the resul ts  are com- 
pared t o  the data i n  Figure 18. The theoretical  values given by Equation 2 
are not valid fo r  S1/R less than approximately twenty since the static pres- 
sure near the  tangent point is known t o  deviate markedly fran the Newtonian 
value upon which Lee's distribution is  based. 
obtained a t  the shoulder for  the 0.10 inch nose radius model is i n  reasonable 
agreement (20 percent) w i t h  the r a t i o  of shoulder t o  nose recession given by 
Medford and Holt. 
fo r  viscous interaction effects. Admittedly, t h i s  procedure deviates fram 
the norm of adjusting the theory, but this was done here due t o  the ratwe 
of the abscissa i n  Figure 18. 
However, the heating r a t i o  
The flagged data i n  the figure has been adjusted t o  account a 
3.3 HYPERVELOCITY WIND ?TMpsEL 
m T  TRANrsFER DATA 
3.3.1 Models and T e s t  Conditions 
As discussed i n  Section 2.0, heat transfer data was obtained i n  the 
HVGJT on four conical models having a 4" cone half-angle. 
structed of a C D ~ I P P O ~  base section and interchangeable nose sections. 
nose radius of curvature of each of the four different nose sections is given 
below 
The model was con- 
The 
Nose Section 
A 
B 
C 
D 
Nose Radius (In.) 
Sharp 
0.10 
0.15 
0.05 
Each model (each n08e section attached t o  the common base section) was tested 
at  three different test conditions. The test conditions corresponding t o  the 
various tunnel rum are tabulated i n  Table XI. 
respond to Schlieren studies made on sharp graphite models which will be dis- 
cussed Later. The measured temperature rise8 of the calorimeter and model 
skin a t  the various instrumented points were converted t o  heating rates by 
usual calorimeter techniques . 
Run6 2, 3, 5, and 7 cor- 
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3.3.2 Simulation Conditions 
Before proceeding into a discussion of the heat transfer data obtained, 
it is interesting t o  determine the flight conditions actually simulated by 
the tunnel tes t  conditions. This information, which is  contained i n  Table 
I11 for  the nominal tunnel conditions, -8 obtained by determining the flight 
altitude a t  which the tunnel Reynolds number per foot wou ld  occur fo r  the 
given tunnel Mach number. Similar informaticn for  the plasma jet is a lso  
included i n  Table 111. It can be seen that the KVWT can simulate rather low 
al t i tude f l ight  a t  hypersonic Wch numbers. 
3.3.3 Experimental Data 
The experimental heating data obtained frm the HWT tests I s  tabulated 
i n  Table IV. For purposes of cmpring the experimental resul ts  w i t h  theo- 
r e t i c a l  values, it is convenient t o  discuss the sharp cone and blunted cone 
resul ts  separately, since different theoretical  relations are applied i n  the 
two cases. Consequently, the experimental data obtained on the sharp cones 
will be discussed f irst ,  followed by a discussion of the blunted cone results.  
3.3.3.1 Sharp COKE.- The heat transfer data obtained on the sharp cone 
is compared with theory i n  Figures 1 9  and lgb where the heating rates have 
been converted t o  local Stanton numbers and plotted versus local Reynolds 
number. Comparisons are made t o  the theory of Van Driest (Reference 6) with 
corrections applied t o  accuunt f o r  the effects of viscous interactions. The 
viscous interaction corrections were calculated by the method of Probstein 
(Reference 7). 
cone agrees well with  the Van Driest theory when the viscous interaction 
effects are included. The flagged symbols i n  Figures 1% and b which are 
joined by a straight l ine correspond t o  data obtained from the  solid t i p  
calorimeter which is  approximately 0.36 inches long. The calorimeter was 
dri l led and a themocouple was inrbedded i n  the hole such that the thermo- 
couple bead was approximately 0.25 inches from the tip.  The heating rate 
indicated by the t i p  calorimeter is a mean value resulting from the heating 
distribution existing on the t i p  section. The flagged symbols t o  the r igh t  
are based on 8 local Reynolds number evaluated a t  a point corresponding t o  
two-thirds of the calorimeter length or 0.25 inch, whereas the flagged symbols 
t o  the l e f t  are based on one-fourth of the calorimeter length. 
It can be seen t h a t  the data obtained along the si& d the 
A continuum analysis fo r  f l o w  on the t i p  indicates a heating rate which 
varies inversely with the square root of the distance f’rm the tip.  
heating value (based on length) experienced by a calorimeter subjected t o  con- 
tinuum flow would correspond t o  a distance approximately one-fourth of the 
t i p  length. The measured Stanton number f o r  runs 9 and 11, when ccnnpared t o  
this one-fourth length continuum value, is found t o  be considerably below the 
theoretical  value. These data tend t o  Indicate that at  least a portion of the 
The mean 
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t i p  calorimeter was i n  a s l i p  flow regime f o r  these test conditione. 
appears possible that run 13 experienced sane s l i p  effects although they 
would be expected t o  be less pronounced since a higher density and shorter 
mean free p t h  exists for  the flow conditions i n  run 13 as c-ed t o  runs 
9 and U. The parameter M - / C  s h m  on Figure 1% is indicative of the 
relative slip eflects experienced by the calorimeter. 
It also 
3.3.3.2 Spherically blunted cones.- The stagnation point  heating rate 
data obtained on the smrically blunted cones was converted t o  an effective 
N s e l t  number by means of the following relation 
The results were plotted versus an  effective Reynolds number given by 
This method of presentation offers a ccormonbasis for  comparison of the 
experimental wind tunnel data obtained a t  various flow conditions w i t h  theory. 
The comparison is shown i n  Figure 20. The agreemnt is considered quite good, 
since deviations between theoretical and experimental values did not exceed 
25 percent i n  any case. 
The experimental heating distribution on the sides 09 the spherically 
blunted cones was narmalized w i t h  respect t o  measured stagnation point values 
and canpared.to the theoretical distribution af Lees (Eqyation 2). The 
resul ts  are shown i n  Figures 2i, 22, and 23 for  nose radi i  of 0.05, 0.10, and 
0.15 inch, respectively. It can be seen tha t  reasonable agreement ex is t s  
between the experimental data and the theoretical Lee's distribution f o r  
s'/R greater than twenty. 
3.4 ScHLlETiEIQsmms 
Studies were conducted i n  the HvtlT t o  ascertain the extent of the inter-  
action region between the boundary layer and shock wave, as w e l l  as t o  
determine whether the shock was attached or detached. These studies were con- 
ducted both before and after the graphite model has been subjected t o  the 
t o t a l  heat load predicted for a 45°re+3ntry down t o  60,OOO feet. The graphite 
m o d e l  mintained its pointed configuration through the conditioning process, 
but  some surface effects such as increased roughness were observed after 
conditioning. 
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8 
The Schlieren photographs a re  presented i n  Figures 24 through 27. In  
each case, the boundary layer and shock.front are c lear ly  distinguishable i n  
the region af t  of the nose, but the shock Was too weak near the nose t o  
ident i fy  c lear ly ,  
t ends to indica te  an attached shock w i t h  a small interact ion region af t  of the 
t i p .  Figures 26 and 27 present data a t  higher Reynolds numbers, but lower 
Mach numbers, which tend t o  indicate similar r e su l t s  but w i t h  a smaller degree 
of interaction. 
m i n i m 1  on the external flow field. 
However, extrapolation froan the aft section dam t o  the t i p  
I n  each case, the e f fec ts  of conditioning were found t o  be 
Figures 28 and 29 are Schlieren photographs of the flow field around the 
They are  included here t o  illustrate the ' e f f ec t  of m ' h e a t  transfer m o d e l .  
nose blunting on the boundary layer and shock pattern.  
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4.1 SHARP CORE 
Based on the heat transfer data obtained i n  the Hypervelocity W i n d  
Tunnel and the pointed configuration which was mintained on the plasma 
model, it appears that the heating rates near the nose af the sharp cone are 
less than those predicted by continuum theory, 
If one applies the normal cri terion for the existence of continuum flow, 
which is 
(7) 
t o  the conditions of the "I' tests, the  Reynolds number required for con- 
tinuum flow is obtained, i.e. 
The heating data for  the 
tinuum flow for  these high Mach numkers does not exist on the t i p  of the  cone 
forward of the point where the local Reynolds 
when the uncertainties associated w i t h  the 0.01 valw of (7) are taken into 
account , 
test conditions appear t o  indicate that con- 
ber is approximately 105. 
This Reynolds number is compatible with the 10 %"" value obtained by theory 
If the sharp cone does not experience continuum heating over the front  
portion of the t ip ,  then one might expect a heating distribution over the  
cone which is typified by the following sketch, 
1 
CONTINUUM, 01- 
u1 
I- 
4 
Iz: 
(3 
I- 
4 
w 
z 
r 
POINT OF TRANSITION FROM 
FLOW 
-ow 
DISTANCE ALONG CONE SURFACE 
where the heating near the t i p  of the cone is i n  the slip flow regime. Since 
the heating levels associated with slip f l o w  are lover than continuum values, 
the observed data appears reasonable. 
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According t o  diffusion controlled oxidation theory, the recession rate 
is d i rec t ly  proportional t o  the  heating rate. 
loss rate would occur at the point of maximum heating (which coincides with 
the point of t ransi t ion from s l i p  t o  continuum f l o w  shown i n  the figure) and 
would decrease as one approaches the nose. 
Consequently, the maximum m8s8 
Based on t h i s  s l i p  flow analysis, it seema reasonabb t o  as8ume that a 
sharp t i p  w i l l  remain sharp as long as the distance from the t i p  t o  the point 
where maxintum heating occurs is greater than the nose radius. Under the  
conditions where t h i s  theory applies, the shock wave vould be attached, and 
the t i p  material must be one which sublimes ra ther  than melts. 
The tendency t o  maintain a pointed configuration is fur ther  strengthened 
Con- by a pure continuum heating analysis if the  heating area is considered. 
tinuum theory predicts 
o(- 
but 
Consequently, for a sharp-tipped cone, the heat input t o  the extreme t i p  
should approach zero when the available area is  considered. 
I n  order t o  apply the s l i p  flow resu l t s  t o  the re-entry f l ight case 
f o r  a sharp cone, one divides the Reynolds number fo r  t rans i t ion  from s l i p  t o  
continuum flow by the  local  Reynolds number per uni t  length a t  the par t icular  
t i m e  of interest .  This r a t i o  produces the distance aft  of the sharp point 
where t ransi t ion flow begins. 
and the shock is attached, the graphite t i p  experiences a heating dis t r ibut ion 
similar t o  tha t  given previou~ly  and the t i p  is assumed t o  remain sharp. 
Once the distance t o  t rans i t ion  approaches the nose radius, b l u n t i w  is 
assumed t , begin. 
If t h i s  distance is  greater than the nose radius, 
Calculations of t h i s  type have been performed f o r  conditions corres- 
ponding to a flight velocity of 20,000 f t / sec  at  altitudes of 80,000 feet, 
60,000 fee t ,  and 40 000 eet f o r  F l u e s  of the free stream Reynolds number 
a t  t rans i t ion  of 10 , lo5, and 10 , where t h i s  spread i n  Reynolds number was 
used due t o  the uncertainties t h a t  ex i s t  i n  evaluating the t rans i t ion  point. 
The results of these calcuUtions are shown i n  Table V. Some deviation between 
co tinuum theory and experimental  data was observed at  a Reynolds number of 
what less, about 10 , then the calculations indicate a nose radius of 0.001 
inches (which is approximately the g r a i n  s i ze  of the graphite and appears t o  
be the smallest radius at ta inable)  should be maintained dam t o  an a l t i t ude  
of approximately 40,000 fee t ,  a t  which time blunting would begin. 
a 
f :  10 9 . If the Reynol s number corresponding t o  the t rans i t ion  point is sane- 
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TABLE V 
EXTENT O F  SLIP FLOW ON SHARP CONE 
FLIGHT VELOCITY = 20,000 FT/SEC 
Length of Slip Flow Kegion (Inches) 
Free Stream 
Altitude Reynolds KO. 
Reynolds Number Required f o r  Transi t ion 
(Kilofeet) Per Foot  1 o4 10' l o 6  
0.0207 6 ,  80 5.8 X 10 
60 1.41 x l o 7  0.0085 
40 3.84 x l o 7  0.00312 
0.207 2.07 
0.085 0.85 
0.0312 0.312 
4.2 SPHERICALLY BLUNTED COm 
It was noted i n  Section 3.2 that good agreement w8s obtained between the 
measured heat transfer data obtained i n  the plasma jet  tests reported herein 
and the heating data inferred fran erosion measurements made i n  reference 1. 
Consequently, the techniques used i n  reference 1 f o r  predict ix  the blunting 
of i n i t i a l l y  spherical t i p s  during re-entry appear t o  be substantiated, and 
the re-entry predictions shown in reference 1 for the blunted t i p s  are un- 
changed as a resul t  of t h i s  study. 
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Th conclusions 
i n  t h i s  report are: 
5.0 coNcL;usIoNs 
rhich were reached as a resu l t  of th tests described 
(a) The theories of Fay and Riddel1,Lees and Van Driest are considered 
adequate to  predict the heating rates to spherically blunted conical 
bodies for high Mach number atmospheric re-entry if viscous interaction 
corrections are applied t o  the  side heating rates computed by these 
methods . 
(b) 
when the nose radius becomes small compared t o  the mean free path. 
The stagnation values predicted by Fay andRiddellcease t o  be valid 
(c )  
Medford and Holt (Reference 1) were i n  reasonabh agreement with the 
heating rate ra t ios  obtained in  these tests. 
The shoulder to stagnation point mass loss ra t ios  reported by 
(d) 
has a radius which is  less than approximately 0.01 inches. 
S l ip  flow effects near the t i p  must be considered when the nose t i p  
(e) 
t i p  with a nose radius of 0.001 inches w i l l  remain sharp down t o  an 
al t i tude of approximately 
Based on the slip flow analysis, it is postulated that a graphite 
40,000 feet a t  which time blunting w i l l  begin. 
( f )  Conclusion(e)is based on zero angle of attack considerations. A 
sharp, spinning cone body a t  angle of attack would probably remain sharp 
provided the t i p  Illaterial has sufficient strength t o  withstand the aero- 
dynamic loading. 
5.1 RECCWENDATIONS 
It is recammended that further studies be conducted which w i l l  produce 
more information on s l i p  flow effects. 
by the use of a segmented conical model made f rm alternate sections of 
copper and boron nitride,  an insulator. The pointed nose calorimeter would 
be made as small as possible, and the copper segplents as thin as possible t o  
obtain true local heating values. The copper segments would be instrumented 
with thermocouples and the heating values obtained for  varims Reynolds 
numbers. 
evaluation of t h z  Loint where continuum flow begins would be obtained. 
on these findings, one could better predict the performance of pointed COKES 
during re-entry. 
This could be achieved i n  the HVWT 
The data would then be compared t o  continuum theory, and a better 
Based 
LTV Astronautics Division, 
LTV Aerospace Corporation, 
Dallas, Texas, December 17 ~ 9 6 5  . 
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